The objective was to determine impact factors that would allow Pseudomonas aeruginosa and Legionella pneumophila to survive sanitation measures of household drinking water systems.
INTRODUCTION
Domestic drinking water plumbing systems play a central role in the case of drinking water contamination with opportunistic pathogenic bacteria like Legionella pneumophila and Pseudomonas aeruginosa (Flemming et al. ) .
A nationwide survey in Germany with 4,600 public buildings inspected between 2003 and 2009 and 30,000 evaluated drinking water samples showed that 12.8% of the household installations exceeded the technical action value for Legionella spp. (100 cfu in 100 ml) and 2.9% exceeded the guideline value for P. aeruginosa (0 cfu in 100 ml) (Völker et al. ) . These opportunistic pathogens can be found in drinking water biofilms of domestic plumbing systems from where they can contaminate the planktonic phase of drinking water (Flemming et 
Moritz et al. ).
For sanitation, chemical or thermal disinfection are usually used. In practice however, shock disinfection of a facility often causes only a transient disappearance of the pathogens suggesting that they survived the procedure (Benölken et al. ) . Thus, for a successful sanitation it is crucial to understand the interactions between operating conditions, biofilm, growth characteristics of the pathogens and disinfection.
The objective of this study was to determine impact factors that would allow P. aeruginosa and L. pneumophila to survive the sanitation measures of plumbing systems.
Therefore, different disinfectant concentrations under different operating conditions such as temperature, pipe material, and nutrient concentration in the water were tested in closeto-practice experiments. Particular attention was paid to the relevance of the VBNC state of the bacteria. The results should help to improve recommendations for secure operating conditions and successful sanitation strategies for drinking water plumbing systems.
MATERIAL AND METHODS

Bacterial strains
Wild type strains of L. pneumophila AdS and P. aeruginosa AdS were obtained from the Biofilm Centre, Aquatic Microbiology, University of Duisburg-Essen, Germany. Cells were harvested from liquid culture, washed two times in filter sterilized water of the same quality as used in the subsequent experiment and starved for 24 h at either 11 or 37 W C. The test rigs were installed in a local waterworks and operated with non-chlorinated drinking water that had been produced from anaerobic groundwater by closed pressure aeration with technical oxygen followed by a twostep rapid sand filtration. Selected parameters describing the water quality are given in Supplementary Material, Table 1 (available with the online version of this paper). trast to the disinfection procedure described above no disassembly and exchange of the built-in parts (valves and junctions) and transfer into heat sterilized peripheral plumbing was performed. Forty to 42 days after the disinfection measure the built-in parts of one of the parallel pipes of each material were replaced by heat sterilized ones. After 3 days of operation, the bulk water of the pipes with and without exchanged built-in parts were analyzed for P. aeruginosa.
Close-to-practice long-term experiments
Sampling
Bulk water and biofilm were sampled at the end of an 8 h overnight stagnation phase. Sampling was carried out on specific days: 6 weeks after start, 24 h, 4 weeks and 6 weeks after contamination event, 24 h, 3 weeks and 6
weeks after a cleaning and disinfection measure. In total seven samples were taken from each pipe. The non-contaminated reference pipe (EPDM) was sampled in a similar manner to rule out cross contamination among pipes.
Before taking 700 ml water samples, the sampling valves were sterilized by flaming and the first 50 ml were discarded. Laboratory experiments for evaluating the effect of autochthonous biofilm on the proliferation of
P. aeruginosa
Twenty-five centimetre long pipe sections carrying a 6 week old drinking water biofilm were taken from the 37 W C test rig.
Subsequently, half of the pipes were disinfected with 50 mg/l NaOCl for 24 h and half of them were not treated. Duplicate pipes were filled with a suspension of starved P. aeruginosa (2,000 cells/ml) and incubated at 37 W C for 16 h. After that, the concentration of P. aeruginosa in the biofilm (102 cm 2 ) and water phase (62 ml) was analysed by cultivation and quantitative polymerase chain reaction (qPCR).
Culture detection and quantification of index organisms
Colony forming units ( 
qPCR detection and quantification of index organisms
The PowerBiofilm ® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, USA) was used to isolate DNA from water and biofilm samples according to manufacturer's information.
Cells in water samples as well as biofilm samples were retained on polycarbonate filters (0.2 μm) for DNA-extraction. Biofilm samples that could not be filtered (i.e. from EPDM pipes) were centrifuged at 10,000 g for 5 min. TaqMan ® qPCR was done in duplicate according to the specifications from Shannon et al.
() using primers and probes designed by Lee et al. () (sequences are given in Supplementary Material, 
Evaluation of the success of facility disinfection
A disinfection procedure was considered successful if the cell concentration was below the respective detection limit. For culturable L. pneumophila and P. aeruginosa, the detections limits were 1 cfu in 100 ml bulk water or 1 cfu per 100 cm² surface area. For qPCR the detection limits for both pathogens were 1,000 gc in 100 ml and 1,000 gc per 100 cm².
RESULTS AND DISCUSSION
Figures 2 and 3 show the impact of the parameters pipe material, water quality, operating temperature and disinfection procedure on the effectiveness of the respective sanitation attempt for L. pneumophila and P. aeruginosa, respectively. This way the favorable conditions for a successful sanitation are illustrated.
In all experiments the pathogens detected after disinfection in either biofilm or bulk water must have originated from the biofilm in the test pipe. Other options could be ruled out, since the pipes were removed from the 'contaminated' line and connected to a line with heat sterilized (autoclaved) peripheral piping and built-in parts.
Effects of cleaning and disinfection on L. pneumophila
At 11 W C no culturable L. pneumophila (0 cfu in 100 ml)
were detected in the bulk water (with and without added nutrients) after all disinfection methods applied (Figure 2 ).
In the corresponding biofilm, the bacteria were only detected on EPDM or steel after disinfection with ClO 2 , but not after CTC disinfection. However, in 15 out of 16 pipe biofilms and in six out of 16 bulk water samples L.
pneumophila was detected by qPCR in considerable numbers 24 h after disinfection. Thus, at 11 W C, L. pneumophila • pipe with cfu or gc below detection limit prior to disinfection.
and heat treatment, was found to be unsuccessful at 37 W C.
Legionella survived in the biofilms in a culturable or VBNC state and recontaminated the bulk water, where they always reached numbers above the technical action value valid in Germany (100 cfu in 100 ml). Values up to 8 × 10 6 cfu/100 ml were reached in EPDM pipes. Every cultural detection of L. pneumophila was confirmed by qPCR.
Thus, a low operating temperature of 11 W C was effective in preventing regrowth of L. pneumophila. However, at a moderate temperature of about 37 W C none of the applied intensive disinfection methods was capable of preventing regrowth of the pathogen.
Effects of cleaning and disinfection on P. aeruginosa
At 11 W C, culturable P. aeruginosa were not detected in bulk samples from 15 pipes where neither culturable nor non-culturable P. aeruginosa were detected after disinfection (green boxes) its number of cfu and gc in biofilm and bulk water had already decreased below detection limit before the disinfection procedure had been started (green boxes with dot). Thus, after initial integration into existing biofilms, P.
aeruginosa was not able to survive under the given conditions for 6 weeks in the biofilm and didn't show any regrowth after disinfection.
Also at 37 W C without added nutrients, culturable P. aeruginosa were not detected after disinfection in biofilms and bulk water. In 10 out of 16 biofilm and bulk water samples from eight pipes (green boxes with dot), culturable P. aeruginosa were not detected prior to disinfection (Supplementary Material, Figure 7 , available with the online version of this paper), thus leaving the question open as to whether the disinfection was successful. At least no regrowth had been observed in these pipes after disinfection.
However, if nutrients were added to the water the numbers of culturable P. aeruginosa were not reduced but instead had increased 24 h after disinfection in almost all pipes 
Influence of autochthonous biofilm on proliferation of introduced P. aeruginosa
In order to verify the increase of culturable P. aeruginosa in biofilm and bulk water 24 h after disinfection, laboratory experiments were conducted with pipe sections taken from the 37 W C test rig. Untreated pipes carrying an autochthonous biofilm on their surface and pipes containing a biofilm that had been treated by disinfection were filled with a suspension of P. aeruginosa.
Within 16 h at 37 W C, P. aeruginosa multiplied to higher numbers in biofilm and bulk water of EPDM, PE-Xc and steel pipes treated by disinfection, compared to the untreated pipes of the same materials ( Figure 5 ).
The observed growth was particularly pronounced on EPDM. The culturable and non-culturable P. aeruginosa densities on treated surfaces were 1,000 and 10,000 times higher than on untreated surfaces. In PE-Xc and stainless steel pipes the numbers of culturable and non-culturable P. aeruginosa on the treated surfaces were five and two times higher than on the surfaces with untreated biofilms.
For PE-Xc and steel the results of the stagnating water were even more significant. In treated pipes the concentration of culturable P. aeruginosa was 100 times (PE-Xc) and 10 times (steel) higher than in pipes with an untreated biofilm. This experiment was repeated with pipes where the biofilm was mechanically removed (abrasion with zirconium oxide beads) instead of disinfection and gave comparable results (data not shown).
We assume that the growth of P. aeruginosa in treated pipes was promoted since the autochthonous bacteria in biofilm were inactivated or at least heavily damaged by the disinfectant. Thus, there was no or much less competition, which allowed P. aeruginosa to multiply fast. It can be excluded that only biodegradable organic compounds that were produced from organic material in biofilm during disinfection with NaOCl caused the multiplying of the pathogen, since a comparable growth was observed after only mechanical removal of the autochthonous biofilm (data not shown).
In copper pipes, no growth of P. aeruginosa after disinfection was observed. Unlike the other test pipes, the culturable and non-culturable concentrations of introduced P. aeruginosa on pipe surface and in bulk water of copper pipes treated by disinfection were significantly lower than in untreated pipes. This indicates a protective function of the autochthonous biofilm against the inhibiting impact of copper ions on culturable and non-culturable P. aeruginosa. Role of built-in parts for the survival and persistence of
P. aeruginosa
In a separate experiment in the 37 W C test rig in which builtin parts had not been exchanged before disinfection with sterilized ones, P. aeruginosa was detected in a cultivable state in the bulk water of all test pipes (except copper) even after a facility disinfection (140 mg/l H 2 O 2 or 20 mg/l ClO 2 ). However, in the corresponding biofilm samples aeruginosa in biofilm and bulk water at 37 W C in laboratory experiments.
Results after 16 h incubation of pipes with an untreated biofilm and pipes treated with shock disinfection with 50 mg/l NaOCl are depicted. Colony forming units (cfu, white) and gene copies (gc, grey), biofilm (▴) and bulk water (•). The data represent the arithmetic mean of two parallel experiments, the error bars indicate the minimal and maximal values.
P. aeruginosa was not detected by cultivation or qPCR after disinfection (data not shown).
Since the biofilm of the pipes was ruled out as source of contamination, the built-in parts (check valves, sampling valves and pipe junctions with EPDM sealing) were removed and their biofilms were analyzed. In at least one built-in part of each test pipe, culturable P. aeruginosa were detected. To verify the hypothesis that the built-in parts represented the source responsible for the persistent findings of the organism in the water samples, in one of the two parallel pipes of each material the built-in parts were replaced by heat sterilized ones 40-42 days after the disinfection event. After 3 days of operation the water and biofilm samples of the pipes with exchanged built-in parts were free of P. aeruginosa, while it was still detectable by cultivation in the parallel pipes, where the built-in parts had not been exchanged. This is illustrated in Figure 6 by means of the data for EPDM and stainless steel pipes.
CONCLUSIONS
The results show that pathogens were able to endure intensive sanitation measures under special operating conditions.
However, in the course of the study it was possible to sanitize contaminated test pipes when the initial operating conditions were set according to the generally recognized standards of good practice in Germany. In the majority of the experiments, the survival of the pathogens in biofilm after disinfection and to proliferate again did not necessarily imply their occurrence in a VBNC state. The following impact factors were found to be critical for survival of the opportunistic pathogens after completed treatment with disinfectant:
Operating temperature give possible hints that the pathogen persisted in the biofilm in a VBNC state from where it disseminated into the bulk water and gave rise to culturable cells. The fact that P. aeruginosa enters into a VBNC state on a copper surface has been described by Moritz et al. () .
Water quality (N, P, and AOC)
A high nutrient level in the water strongly increased the growth of P. aeruginosa after the disinfection attempts at 37 W C in biofilm and bulk water in pipes of all materials.
The effect of added nutrients on regrowth of L. pneumophila was less pronounced. Only in biofilms and bulk water of steel and copper pipes did the numbers of non-culturable cells slightly increase.
Presence of low-flow niches or dead spaces in built-in parts Pseudomonas aeruginosa was able to survive disinfection in a culturable state inside built-in parts like pipe junctions or check valves and to recontaminate the system after disinfection. Thus, an exchange of built-in parts of contaminated plumbing systems is strongly recommended as a precondition for successful sanitation.
Presence of autochthonous biofilm
The lack or severe damage of an autochthonous biofilm, e.g.
due to disinfection, may promote the growth of surviving or newly introduced P. aeruginosa in biofilm and bulk water.
This might explain the observed growth of P. aeruginosa 
